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The density distribution of photosynthetic membrane vesicles (chromatophores) from Rhodobacter capsulatus has been studied by isopicnic
centrifugation. The average vesicle diameters, examined by electron microscopy, varied between 61 and 72 nm in different density fractions
(70 nm in unfractionated chromatophores). The ATP synthase catalytic activities showed maxima displaced toward the higher density fractions
relative to bacteriochlorophyll, resulting in higher specific activities in those fractions (about threefold). The amount of ATP synthase, measured
by quantitative Western blotting, paralleled the catalytic activities. The average number of ATP synthases per chromatophore, evaluated on the
basis of the Western blotting data and of vesicle density analysis, ranged between 8 and 13 (10 in unfractionated chromatophores). Poisson
distribution analysis indicated that the probability of chromatophores devoid of ATP synthase was negligible. The effects of ATP synthase
inhibition by efrapeptin on the time course of the transmembrane electric potential (evaluated as carotenoid electrochromic response) and on ATP
synthesis were studied comparatively. The ATP produced after a flash and the total charge associated with the proton flow coupled to ATP
synthesis were more resistant to efrapeptin than the initial value of the phosphorylating currents, indicating that several ATP synthases are fed by
protons from the same vesicle.
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The photosynthetic units of purple photosynthetic bacteria
are localized within their intracytoplasmic membranes (ICM)Abbreviations: ICM, intracytoplasmic membranes; Bchl, bacteriochloro-
phyll; ATPase, ATP synthase (EC 3.6.3.14); F1, soluble portion of the ATP
synthase; LH1, LH2, light harvesting complex 1, 2; RC, reaction center; PL,
phospholipid; EM, electron microscopy; QELS, quasi elastic light scattering;
LDAO, lauryldimethylamine oxide; Δψ, transmembrane difference of electrical
potential;ΔpH, transmembrane difference of pH; Tricine, N-[2-hydroxy-1,1-bis
(hydroxymethyl)ethyl] glycine; SDS-PAGE, sodium dodecyl sulfate polyacryl-
amide gel electrophoresis
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doi:10.1016/j.bbabio.2007.08.007and are constituted by three integral bacteriochlorophyll–protein
complexes: LH2-type peripheral antennas, LH1-type core
antennas, and photochemical reaction centers (RC). Radiant
energy harvested by LH2 is transferred to LH1, which directs
these excitations to the RC's Bchl special pair where it is
converted into a transmembrane charge separated state. The
proton motive force produced by the ensuing electron transfer
reactions drives ATP synthesis catalyzed by the F0F1-ATP
synthase [1,2].
In Rhodobacter capsulatus and other photosynthetic bacteria
the ICM are connected to each other forming a large membrane
continuum with the cytoplasmic membrane. The presence of
ICM is induced by phototropic conditions of growth and their
extension depends on several factors such as oxygen tension and
light intensity. An influence of different light intensities on the
size and number of intramembrane particles in the ICM has been
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Rhodobacter sphaeroides [3–5]. A decrease in light intensity
leads to an increase in ICM as a consequence of the increase in
the levels of LH2 which is necessary for a complete maturation
of the ICM and influences the size of single ICM vesicles [5].
Chromatophores are spontaneously formed from ICM at the
moment of cell fracture, with an inverse orientation relative to
cytoplasmic membranes [6], and they have been proven to be a
convenient experimental model for investigating the properties
of the ATP synthase, owing to their biochemical stability and the
high level of chemiosmotic coupling. Transient activation of the
electron transport chain can be induced either by flash or
continuous light, promoting the controlled generation of trans-
membrane differences in protonic electrochemical potential [7].
In chromatophores the transmembrane electrostatic potential
difference has been evaluated using the electrochromic response
of endogenous carotenoids, and the decay kinetics of this signal
have been analyzed in terms of transmembrane ionic currents
[8,9]. By using specific inhibitors of the ATP synthase, such as
oligomycin or efrapeptin, different contributions to the overall
ionic current have been separated and correlated to the amount of
ATP synthesized and to the fraction of functional ATP synthases.
The reliability of such an analysis depends critically on the
number of active ATP synthase per vesicle and on their dis-
tribution among the chromatophore population.
In this work we have checked for the possible heterogeneity
of the ATP synthase distribution in chromatophores by analyzing
standard preparations for their size distributions by electron
microscopy and for their density distribution by sucrose gradient
sedimentation. Subpopulations of different size and density are
present. Moreover, the peak of ATP synthase activity along the
sucrose gradient was shifted relative to the peak of bacterio-
chlorophyll (Bchl) concentration. Quantitative Western blotting
was consistent with the activity measurements. These data show
that standard chromatophore preparations are heterogeneous in
size, density, and ATP synthase distribution and our analysis of
them shows that they contain on average several ATP synthases
per vesicle.
These results contribute to our understanding of the dis-
tribution of photosynthetic complexes in the membrane frag-
ments from R. capsulatus and have direct implications in the
interpretation of functional studies on ATPase based on the
analysis of ionic currents, as evaluated from the carotenoid band
shift decay kinetics.2. Materials and methods
2.1. Bacteria growth condition and chromatophores preparation
R. capsulatus strain B100 is a wild-type strain B10 cured of phages. Cells of
this strain were grown photoeterotrophically on a synthetic medium containing
malate as a carbon source [10]. Coltures were illuminated by two opposite
panels each carrying seven 100-W incandescent light bulbs; the average light
intensity was 500 W/m2. The temperature was maintained at 29 °C by water
cooling. Cells were harvested at OD660=1.8–2.0. Chromatophores were
prepared according to the method previously described [10]. Briefly, cells
were harvested and then washed twice with 2.5 mM MgCl2, 50 mM glycyl–
glycine (pH 7.4) and frozen at −80 °C. After thawing cells were disrupted byFrench Press and centrifuged for 20 min at 20,000×g and 4 °C to remove
unbroken whole cells and cell debris. The supernatant was centrifuged at
193,000×g (1 h 4 °C). This pellet was resuspended in the same buffer as above
and used within the same day. Chromatophores, if not immediately used, were
rapidly frozen as small droplets in liquid nitrogen and stored at −80 °C. One
single chromatophores preparation was obtained from a single cell growth.
2.2. Chromatophores fractionation by sucrose gradient centrifugation
Chromatophores were layered on top of a linear 19–49% (w/w) sucrose
gradient in 50 mM tricine pH 8.2, 2.5 mMMgCl2. Centrifugation was performed
into a Beckmann VTi65.1 rotor at 50,000 rpm for 1 h or 12 h at 4 °C, arrested
without brake. Alternatively a fixed angle rotor Beckman 50.2Ti (4 h,
45,000 rpm, 4 °C) was used.
Bandswere removed through a capillary glass tube connectedwith a roller tube
pump. Fractions of 250 μl were collected, vortexed and the sucrose concentration
was measured using a handheld refractometer. Bchl content was determined by
diluting samples in 50 mM tricine pH 8.2, 2.5 mM MgCl2 and measuring their
optical density at 802 nm. To transform absorbance value into Bchl concentration
data, an equation was experimentally determined correlating the absorbance at
802 nm with the concentration of Bchl, previously measured in acetone–
methanol extract [11]. The protein content was determined according to [12] in
the presence of 0.1% w/v SDS and using bovine serum albumin as standard.
2.3. Electron microscopy
Aliquots of 5 μl of unfractionated chromatophores and of fractions at 30%,
35% and 39% sucrose respectively were put on carbon-coated EM grids and
negatively stainedwith 1% uranyl acetate. Vesicle concentration on EMgrids was
decreased by diluting in 50mM tricine pH 8.2, 2.5mMMgCl2. For preparation of
cryo-EM grids 5 μl aliquots of unfractionated chromatophores were deposited on
holey film copper grids, blotted to eliminate the excess of sample and
immediately frozen in liquid ethane. Both cryo- and negative staining EM
grids were analyzed in a TEM microscope CM120 LaB6 equipped with a Gatan
CCD camera (1024×1024 pixel). Images were acquired at 28,000× mag-
nification and the diameter of vesicleswasmeasured by using the ImageJ software.
2.4. QELS measurements
Quasi elastic light scattering measurements were performed in a 90Plus
Particle Sizer (Brookhaven Instruments Corporation, measuring wavelength
635 nm) at room temperature (23 °C). Both unfractionated chromatophores and
samples from the sucrose gradient were diluted to 1 μM Bchl in 50 mM tricine,
pH 8.2, 2.5 mM MgCl2 and let equilibrate for 20 min. Appropriate controls
confirmed that the small sucrose concentration in the final cuvette did not
influence the measurements.
2.5. Western blot
SDS-PAGEwas performed in 12% polyacrylamide gels. Protein were blotted
on a nitrocellulose membrane using theMini Trans-Blot Electrophoretic Transfer
Cell apparatus (Biorad). The transfer was performed at 350 mA, 4 °C in 25 mM
Tris pH 8.3, 200 mM glycine. The amount of ATP synthase in the membranes
was evaluated by quantitative Western blot on SDS-PAGE isolated chromato-
phores protein using the luminol assay for detection. The anti-β antibody was
produced by Primm Company (Milan, Italy) against two synthetic peptides
(QFEDGLPAILNALETTNNGKR and DVSKAEARAIHQPAPDFAAQ)
corresponding to the non-conserved and solvent-exposed sequences in the
N-terminal barrel of the β-subunit of R. capsulatus. The reference sample of
β-subunit was isolated by electroelution from SDS-PAGE gels of ATP synthase
purified according to [13] and dialyzed against 100 mM phosphate buffer, pH 7,
to eliminate excess of glycine. The concentration of the purified β-subunit was
determined by hydrolysis and subsequent quantification of amino acids byHPLC
as described in [14].
The amounts of chromatophores and standard protein in the different lanes of
a single gel were kept in the linear range of the luminol assay response, ranging
Fig. 1. Size distributions of chromatophores fromR. capsulatus. The distribution of
vesicle diameters in a chromatophores preparation from photosynthetically grown
R. capsulatus was analyzed. Images were obtained by cryo (empty bins, 462
vesicles) and negative staining (filled bins, 481 vesicles) EM.
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chromatophores samples. To avoid interference of membrane lipids no more than
400 pmol of Bchl/lane were loaded for chromatophore samples. Detection and
quantification of the luminol signal were performed using the chemiolumin-
ometer Fluor S-Max (Biorad), which allows higher precision compared to the
standard methods using photographic film analyzed by a densitometer.
2.6. Enzymatic assays
All of the following assayswere carried out at room temperature (21 °C). ATP
hydrolysis was measured after activation with 0.5% LDAO by monitoring the
decrease in absorbance at 340 nm using an NADH-linked ATP-regenerating
system [15]. LDAO, at a concentration of 0.5%, activates the ATPase activity
possibly by partially dislodging the ε subunit (see, e.g., [16]), that can act as an
endogenous inhibitor of hydrolysis. Light-driven ATP synthesis was carried out
in a buffer containing 50 mM tricine/HCl pH 8.2, 2 mM MgCl2, 20 mM KCl,
5 mMNaH2PO4, 2 mM succinic acid, 0.1% bovine serum albumin, 20 μMADP,
0.8 mMAMP, 60 μM luciferin, 8 μg/ml luciferase, 10–15 μMBchl, 2 mMKCN.
Luciferin and luciferase were purchased from Sigma-Aldrich. Before starting the
flash-induced reaction, each sample was incubated 20 min in the dark, during
which time the luciferase signal increased due to the adenylate kinase activity,
usually present as a contaminant in standard chromatophore preparations, and
stabilized at a level corresponding, within error limits, to the ATP concentration
predicted under these conditions by the equilibrium constant of the adenylate
kinase (approximately 400 nM ATP). Flash-induced ATP synthesis was induced
by trains of three flashes, spaced 500ms apart and using the same apparatus as for
the spectrophotometric measurements (see below). The amount of synthesized
ATP was evaluated by calibration with 10–25 nM ATP.
2.7. ATP synthesis induced by acid–base transitions
Acid–base-driven ATP synthesis was carried out similarly as described in
[17] by rapidly injecting an acidified chromatophores suspension into a
luminometer cuvette containing a basic solution and monitoring the ATP con-
centration continuously with luciferine–luciferase in a luminometer (BioOrbit
Mod. 1250). Chromatophores were first resuspended in 5 mM sodium phosphate
pH 7.3, 2 mMMgCl2, 1 mM AMP, 5 μM valinomycin, 10% sucrose, and 1 mM
KCl and left incubating in this medium approximately 1 h at room temperature.
Chromatophores were then mixed with the acidic solution (30 mM succinic acid/
NaOH, pH 4.87, 1.75 mM MgCl2, 7.5 mM NaPi, 1.5 mM KCl, 1.5 mM AMP,
3 μMvalinomycin) and incubated at room temperature for 3min followed by 30 s
at 10 °C, prior to injection of 275 μl into 725 μl of basic solution. This latter had a
composition such that the final concentrations after chromatophores addition
would be 200 mM tricine, 1.4 mM MgCl2, 3.6 mM Pi, 187 mM KOH+20 mM
NaOH, 0.75 mM AMP, 100 μMADP, 50 μl of the ATP-Monitoring Kit (Sigma)
enriched with 5 μg/ml of purified luciferase (Sigma, 80×103 light U/ml). The
final Bchl concentration varied between 2 and 10 μM. The ATP concentration
was evaluated by adding 100–200 nM standard ATP in each cuvette. The basic
solution was thermostatted so that the ATP synthesis reaction took place at 10 °C.
The pH measured at room temperature after mixing the chromatophores with the
acidic solution was taken as the internal pH, the pH measured at room
temperature after mixing the acidified chromatophores with the basic solution
(pH 8.55) was taken as the external pH, whereby the small pH changes due to the
temperature gap were neglected. Their difference corresponds to a transmem-
braneΔpH of 3.68 units. Assuming complete equilibration of the K+ during the 1
h pre-incubation (see above), the value of the K+/valinomycin diffusion potential
determined by the K+ transmembrane concentration difference during the acid–
base transition can be approximated, e.g., on the basis of the Nernst equation or of
the Goldman equation for monovalent ions. For T=10 °C, Δψ=124 mV is
obtained based on the Nernst equation, Δψ=75 mV results by applying the
Goldman equation as described in [17].
2.8. Spectrophotometric measurements
The electrochromic band shift of carotenoids induced by a train of three
flashes, or by continuous light was measured at room temperature (21 °C) at a
wavelength of 536 nm using a home made instrument (see, e.g., [18]).
Excitation was provided by a Xenon flash (EG&G mod. FX-800 discharging a3 μF capacitor charged at 1.5 kV, width at half-maximum intensity 4 μs)
screened by a long pass red filter (Oriel mod. 51350, cut-on wavelength
780 nm), firing three flashes 500 ms apart. Care was taken to avoid any actinic
effects of the measuring beam, using a narrow exit slit of the monochromator
(280 μm) and opening the measuring beam shutter only 1 s before flashes.
Suitable control experiments using uncouplers verified that the excitation of
chromatophores by the measuring light was negligible. The experimental
conditions matched exactly those for the measurements of ATP synthesis under
the same illumination regime.3. Results
3.1. Size distribution of chromatophores
The size distribution of standard chromatophore preparations
of Rb. capsulatus was studied by EM. A comparison between
diameter values of several hundreds vesicles imaged by negative
staining and cryo EM is reported in Fig. 1. Both techniques result
in a wide diameter distribution ranging approximately from 30 to
120 nm, with very few occurrences at 150–160 nm. However the
cryo-EM histogram (empty bins) shows a maximum at 65 nm
while the negative-stained distribution (filled bins) peaks at
around 75 nm, with mean diameters and standard deviations of
62±18 nm and 70±19 nm respectively. This discrepancy can be
ascribed to a flatting effect of negative stained vesicles compared
to the ice-embedded ones. It is concluded that the negative
staining procedure does not affect significantly the observed size
of the vesicles. For both distributions, approximately 90% of the
vesicles (89% for negative staining, 92% for cryo) were
comprised between 40 and 95 nm. These distributions show
that a considerable heterogeneity exists in the vesicle size of
chromatophore preparations.
Interestingly a study of the size distribution by QELS gave
the significantly larger average hydrodynamic diameter (Dh) of
131±4 nm, with a broad unimodal distribution corresponding to
a polydispersity of 0.26±0.01. For this type of broad distribution
the effective average diameter should be an upper limit of the
actual average diameter of the vesicles. For a distribution of the
vesicle radii such as that detected by cryo-EM we calculated an
hydrodynamic diameter of about 100 nm, still smaller than the
experimental value [19]. The discrepancy between the values
Fig. 2. Bchl concentration profile along the sucrose density gradient. Distribution of
Bchl concentration in fractions collected after sucrose density gradient under three
different centrifugation conditions. Separation was performed using either a fixed
angle rotor (Beckman 50.2Ti) at 45,000 rpm for 4 h (full circles) or a vertical rotor
(Beckmann VTi 65.1) at 50,000 rpm for either 1 h or 12 h (full and empty triangles,
respectively). The Bchl maximum was reproducibly found in fractions between
32.5% and 33.5% sucrose (w/w). The combined average sucrose concentration
calculated from the three distribution is 34.1, corresponding to an average density of
1.146 g cm−3.
Fig. 3. Size distribution of chromatophores in different density fractions. The
distribution of chromatophore diameters in three different density fractions was
analyzed by negative staining EM. For the 30%, 35% and 39% fractions, 393, 377
and 362 vesicles were measured, respectively.
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few larger particles in the preparation and/or to the existence on
the vesicle membrane of protruding proteins (among which the
ATP synthase itself). As an example, calculations indicate that
the presence of particles of 200 nm in diameter with a frequency
of 1/200 can increase the values of Dh
QELS from 100 to 160–
180 nm.We conclude that the QELS data, although indicative of
changes in size and polydispersity in the chromatophore
populations, cannot be considered reliable in case of samples
with sporadic occurrences of very large vesicles.
3.2. Analysis of density distribution by sucrose gradient
sedimentation
Chromatophore preparations were fractionated by centrifu-
gation on sucrose gradients (19% to 49% w/w) and Bchl
concentration was utilized as membrane marker. Fig. 2 shows
three vesicle distributions obtained from a single ICM pre-
paration under three different centrifugation conditions: one of
them was obtained in a fixed angle rotor after 4 h run, the other
two were obtained in a vertical rotor after 1 and 12 h run (full and
empty triangles respectively). Since the Bchl peak was found at
the same density under all conditions, we conclude that the
isopycnic equilibrium was reached in all cases. In all tested ICM
preparations, the vesicles were distributed over the same broad
range of sucrose concentrations, from 26% to about 44%,
corresponding to densities from 1.108 to 1.197 g cm−3, with the
maximal Bchl concentration between 32.5% and 33.3% sucrose,
showing that ICM vesicles as usually obtained under our growth
and cell disruption conditions are heterogeneous in density.
3.3. Size distribution of single density fractions
The size distribution of three chromatophore fractions,
collected at 30%, 35% and 39% sucrose respectively, wasinvestigated by negative staining EM. Diameters of several
hundreds vesicles were measured and plotted in Fig. 3. The
fractions at 30% and 35% sucrose do not differ significantly,
being their average diameter and standard deviation 63±15 nm
and 61±17 nm respectively. The fraction at 39%, on the
contrary, has higher diameter values and a wider distribution, as
reflected in an average diameter of 72 nm and a standard de-
viation of 52 nm. Comparing the average and standard deviation
values obtained for these three single fractionswith those obtained
for the unfractionated sample distribution (70±19 nm), it appears
most likely that all of the higher density vesicles (above sucrose
35%) have a significantly higher diameter and wider distribution
than the rest of the population. However, vesicle density and size
do not appear to correlate in any simple way.
3.4. Distribution of ATPase activities along the sucrose density
gradient
The ATP hydrolysis activity in the different sucrose density
gradient fractions was evaluated in the presence of the
activating agent LDAO (see Materials and methods), in order
to increase the sensitivity of the assay. In Fig. 4A, the Bchl
Fig. 4. ATP synthase activities of chromatophores along the sucrose gradient.
(A) The Bchl distribution in a sucrose density gradient is reported (full circles) along
with the hydrolytic activity in the presence of 0.5% LDAO (full triangle) and the
synthesis activity measured by acid–base transition (empty circles). (B) The specific
hydrolysis and synthesis activities on a Bchl basis, plotted against sucrose con-
centration; data are calculated ratios from panel A.
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one of these preparations is reported, together with the ATP
hydrolysis activity (triangles) measured in the same fractions.
For all tested preparations, the activity distribution profile was
reproducibly displaced to higher densities with respect to the
Bchl profile (maximum at 33.5–34% sucrose). The specific
activity for hydrolysis calculated from Fig. 4A increased with
increasing density by a factor of approximately 4 (Fig. 4B,
triangles).
The ATP synthesizing capability in the different sucrose
density gradient fractions was measured in acid–base transition
experiments, an approach that allowed to generate the same
proton motive force in each sample, regardless of its specific
photosynthetic activity and, therefore, to evaluate the ATP
synthesis activity of all fractions under homogeneous driving
force conditions. An artificial proton gradient was induced by
subjecting the vesicle suspension to a pH jump from 4.87 to
8.55 together with a K+ concentration jump from 1 to 187 mM
in the presence of valinomycin. ATP synthesis was evaluated
with the luciferin–luciferase reaction. The estimated value of
the proton motive force thus induced was 341 or 292 mV,
depending on whether theΔψ is evaluated using the Nernst's or
the Goldmann's equation (see Materials and methods). The
measurements were carried out at 10 °C so that the decay of thetransient proton motive force was slowed down, and the initial
rates of ATP synthesis were linear for up to 2 s after the acid–
base transition. The results of these measurements are shown in
Fig. 4 (empty circles): the ATP synthesis activity profile (Fig.
4A) appears to parallel that of the hydrolytic reaction, measured
in the same fractions, being similarly shifted to higher density
values relative to the Bchl distribution, and the calculated
specific activity (Fig. 4B) increased similarly by a factor of about
4 with increasing density.
It is worth underlining that in no case a fraction inactive in
ATP hydrolysis or synthesis was found. Thus if chromatophores
totally devoid of ATP synthase were present, these could not be
separated by isopycnic centrifugation.
3.5. Number of ATP synthases per vesicle
The actual amount of ATP synthase complex in standard
chromatophores preparations and in the fractions was measured
by quantitative Western blotting. Polyclonal antibodies were
raised against two synthetic peptides corresponding to two non-
conserved and solvent-exposed sequences in the N-terminal β-
barrel of the ATP synthase β-subunit of R. capsulatus. As a
standard sample we used purified β-subunit quantified by amino
acid analysis (see Materials and methods).
A typical Western blot image obtained by chemiolumines-
cence, imaged by a digital camera, is shown in Fig. 5A, and the
quantified chemiluminescence intensities are reported in Fig.
5B. The straight line is the best fit equation to the
chemioluminescence signals of the standard subunity β (full
circles). Based on this straight line, the chemioluminescence
signals of the chromatophore samples were converted into
amounts of subunity β (empty circles). Taking into account the
stoichiometry of 3 β-subunit per complex, a value of 1 ATP
synthase per 312±32 Bchl molecules was obtained for this
preparation; two additional preparations were similarly ana-
lyzed (not shown), resulting in an average value of 272±47.
Similar Western blot data were also obtained in the preparation
used for EM imaging. Fig. 5C shows as a function of sucrose
concentration both the Bchl and the ATP synthase concentration
profiles. Similar to the activity profiles (Fig. 4A), also the ATP
synthase concentration profile turned out to be shifted to higher
density values relative to the Bchl profile, with a maximum at
about 34% sucrose, in good agreement with the activity data.
However, while the specific activities increased by about four-
fold (Fig. 4B), the ATP synthase/Bchl ratio increased only by a
factor of about two, as calculated from the ratio of the
interpolated curves at 31.5% (320 Bchl/ATPase) and at 39%
(165 Bchl/ATPase) (Fig. 5C). This discrepancy might indicate
that other factors contribute to the observed specific activities in
the different fractions, e.g., the presence of damaged or
immature ATP synthases. Alternatively, since in this case the
same Bchl amount per lane was loaded on the gel, it cannot be
excluded that the high volumes needed for the less concentrated
samples at the distribution tails introduced a small error, possibly
due to the high sucrose amount, leading to a partial over-
estimation of the ATP synthase concentration at the lower Bchl
concentrations.
Fig. 5. Quantitative Western blotting. ATP synthase concentration in chromato-
phores preparation both unfractionated (A and B) and in fractions along the sucrose
gradient (C). (A) Aliquots of β-subunit and denatured chromatophores were loaded
on a SDS-PAGE (in a random order to avoid any possible positional bias) and
transblotted on a nitrocellulosemembrane. Digital images of the chemiluminescence
intensity were acquired and analyzed as described inMaterials andmethods. (B) The
chemiluminescence intensities of the β-subunit were plotted (full circles) and fitted
by a straight line. Bymeans of this straight line the chemiluminescence intensities of
the chromatophore samples were converted in amounts ofβ-subunit (empty circles).
The corresponding Bchl concentration is indicated by the top X-axis. (C) Western
blotting of sucrose density fractions of the chromatophore preparation used for EM
imaging. Volumes containing 200 pmol of Bchl were loaded for each samples. The
ATP synthase concentration was obtained by comparison with a calibration curve of
purified β-subunit as in panel B. The two curves are the best fit to the data of
Gaussian functions. An estimate of the average ATP synthase/Bchl ratio in non-
fractionated chromatophores from this preparation can be obtained by taking the
ratio of the two areas defined by the Gaussian functions, which gives a value of 1
ATP synthase per 236 Bchl molecules.
1345F. Gubellini et al. / Biochimica et Biophysica Acta 1767 (2007) 1340–1352From the Western blot data and the size distribution analysis
obtained by EM (Figs. 1 and 3), it is possible to estimate the
average number of ATP synthase (or ATPase) molecules per
vesicle, provided one can estimate the total membrane area on a
Bchl basis. The average number of ATPase molecules per
vesicle (N) is then calculated according to the following
equation:
N ¼ W  1
ST
 NA  pD 2 ð1Þ
where W (mole ATPase/mole Bchl) is the ATPase/Bchl ratio
obtained from Western blot (Fig. 5), ST (nm
2/mole Bchl) is the
total membrane area per mole Bchl, NA (molecules/mole) is the
Avogadro's number, D (nm) is the average diameter obtained
from the EM data (negative staining, Figs. 1 and 3), and the
vesicle has been approximated to a sphere.
In the Appendix, an approach for evaluating the total
membrane surface per mole Bchl (ST) is described. Briefly, the
experimental average density value of chromatophores (from
Fig. 2) has been used to estimate the fraction of membrane
surface occupied by lipid, using standard values for protein and
phospholipid (PL) densities, and neglecting the extrinsic portion
of protein. The area occupied by lipid on a Bchl basis has then
been estimated using the experimental PL/Bchl ratio in our
preparations and a standard average value for the area of a PL
molecule. From the lipid fractional area and the lipid surface per
Bchl, the total surface per Bchl was then obtained.
The parameters used in these calculations are collected in
Table 1. A value for the average protein density from a col-
lection of several hydrophilic protein has been reported in [20]
(ρP=1.37 g/cm
3 with a very narrow standard deviation) and a
similar value for the average density of membrane protein can
be assumed since the atomic packing in membrane and soluble
protein has been shown to be comparable [21] (indeed, a value
of ρP=1.32 g/cm
3 for membrane protein has been derived inTable 1
Parameters used for estimating the average number of ATPase molecules per
vesicle in the non-fractionated chromatophores and in the gradient fractions at
30% and 39% sucrose concentration
Unfractionated 30% 39%
ρV (Vesicle density, g cm
−3) 1.146 a 1.127 1.171
D b (Average diameter, nm) 70 63 72
W c (ATPase/Bchl) 1/236 1/262 1/165
AP
d (Membrane fraction
occupied by proteins)
0.369 0.315 0.439
S T
d (Total membrane surface area
per mole Bchl (nm2/mole Bchl))
4.0×1024 3.6×1024 4.7×1024
α e (ATPase molecules/nm2) 6.4×10−4 6.3×10−4 8.2×10−4
N f (average ATPase number
per vesicle)
9.9 7.8 13.3
a From Fig. 2.
b From Figs. 1 and 3, negative staining.
c Values from Fig. 5, obtained by interpolation along the Gaussian curves.
d Calculated as described in the Appendix (A6), taking ρP=1.37 g/cm
3,
ρL=1.015 g/cm
3, PL/Bchl=13 and APL=0.64 nm
2 (see text and Appendix).
e Obtained as the ratio W*NA/ST.
f Obtained from α and Eq. (1).
Fig. 6. Probability of finding x ATP synthase molecules per vesicle according to
Poisson's distribution in four different samples: unfractionated chromatophores (full
circles) and sucrose density fractions at 30% (empty circles) and 39% (empty
triangles). These probability distributions were calculated as described in the Results
according to Eq. (4), and with the aid of a QuickBASIC software routine. They
involved the size distributions shown in Fig. 1 (negative staining data) and in Fig. 3A
and C.
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same value as for hydrated egg lecithin has been assumed, i.e.,
ρL=1.015 g/cm
3 [23], being the PL and fatty acid composition
of membrane lipids in R. capsulatus well comparable to that
of egg lecithin [24]. A value of 13±2 PL/Bchl has been ex-
perimentally found in chromatophore preparations from
R. capsulatus [29] using the colorimetric methods of [26]. An
average value of the area occupied by one PL molecule
(APL=0.64 nm
2) has been taken from [27,28].
The resulting N values, presented in Table 1, are 10 ATPase/
vesicle for the unfractionated sample, and 8 and 13 for the
density fractions at 30% and 39% respectively. Among the
parameter values used in this derivation, those associated with a
significant level of experimental uncertainty are the PL/Bchl
ratio (15%) [25] and the ATPase/Bchl ratio (18%, Fig. 5), which
would give to the N values an experimental uncertainty of 33%
(e.g., for the unfractionated sample N=10±3). A given amount
of uncertainty is also associated with the area per standard PL
molecule APL, since values as low as 0.57 nm
2 and as high as
0.71 nm2 can be found in the literature [28]. The corresponding
N values (for the unfractionated sample) would then be N=11±
4 and N=9±3, respectively.
Since these numbers are relatively low, and being the size
dispersion of the vesicles significant, even assuming a
statistically homogeneous α (ATPase density, or ATPase
number per unit of membrane surface), a certain fraction of
these vesicles populations could be devoid of ATPase. The
distribution of ATPase over the chromatophore population has
been estimated for each sample fraction assuming that the
number of ATPase per vesicle obeys Poisson's distribution,
i.e., the probability P(x, n) of having x ATPase per vesicle,
will be:
P x;nð Þ ¼ n
x
x!
en ð2Þ
being n the average ATPase number per chromatophore.
According to Eq. (2), the number of vesicles Ni(x),
characterized by a radius Ri and by x ATPase per vesicle can
be written as
Ni xð Þ ¼ Ni ð4pR
2
i aÞx
x!
eð4pR
2
i aÞ ð3Þ
where Ni is the number of vesicles of radius Ri and α is the
average ATPase density per vesicle surface area, which is
assumed constant over the whole vesicle population. It follows
from Eq. (3) that the probability P(x) of having x ATPase per
vesicle independently of its radius is given by
P xð Þ ¼
X
i
Ni
ð4pR2i aÞx
x!
eð4pR
2
i aÞ
" #
=
X
i
Ni ð4Þ
which takes into account the effect of polydispersity in the
chromatophore dimension.The probability distributions resulting in the four different
samples are shown in Fig. 6. They show that, under the
assumption of a statistically homogeneous ATPase density, the
fraction of vesicles devoid of ATPase is not higher than 1%.
An average number of ATPase per chromatophore ranging
from 8 to 13 corresponds to a protein mass varying from
0.7×10−17 to 1.2×10−17 g per chromatophore. Within the
framework of the approach presented here, given the fractional
area of protein (ranging from 0.31 to 0.44), the thickness of the
membrane and the protein density, the average protein mass per
chromatophore results comprised between 2×10− 17 and
4×10−17 g per vesicle. The contribution of the ATPases to the
total protein mass is therefore above 25–30%, suggesting that
the ATP synthase give a substantial contribution to the vesicle
density.
3.6. Efrapeptin titration—effect on carotenoid shift and ATP
synthesis
As an additional experimental evidence to the results of the
previous section, showing a minority of chromatophores
vesicles having only one or no ATPase, an inhibitor titration
experiment has been carried out. The rationale of such an
experiment is that in a vesicle population characterized by 1 or
less ATPase per vesicle, the progressive inhibition of the initial
rate of synthesis will closely parallel the inhibition of the
synthesis yield, since both initial rate and yield depend only on
the number of active enzymes left. On the contrary, if vesicles
with multiple ATPases prevail, at every given non-saturating
inhibitor concentration the inhibition degree of the yield will be
systematically less than the inhibition degree of the initial rate,
since during the total efflux time every active ATPase in the
partially inhibited vesicles will have at its disposal a relatively
higher proton fraction.
As an inhibitor we have used the peptide efrapeptin, which
binds with high affinity to the extrinsic F1 portion of the ATPase,
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measure of the initial rate of synthesis we have taken the initial
slope of the flash induced decay of the carotenoid electro-
chromic signal subtracted of the slope observed in the presence
of a saturating inhibitor concentration at the same carotenoid
signal amplitude. The amplitude of the carotenoid shift signal
has been shown to be proportional to the Δψ (transmembrane
electric potential) [30,31] and the decay kinetics of the flash
induced carotenoid electrochromic signal has been frequently
used as a tool for the evaluation of ionic currents across the
chromatophore membrane [8,9,32]. In this framework, the
differential decay of carotenoid shift with ATP synthases, active
or inactivated by the addition of specific inhibitors, is considered
to be proportional to the protonic currents across ATP synthases.
In the following, this differential decay is indicated as
“phosphorylating current”. The ATP synthesis yield as a func-Fig. 7. Efrapeptin titration of carotenoid signal and ATP synthesis elicited by three fla
traces of chromatophores in the presence of 20 μM ADP and 5 mM Pi, at 36.4 μ
efrapeptine; (d) 200 nM efrapeptine and 20 μM oligomycin. The flashes are marke
multiexponential function (continuous line) and used in the analysis shown in pan
additional measurements. The time scale origin has been set to 1.5 ms after the third fla
are the biexponential best fit functions of the data up to 800 ms after the third flash, w
concentrations for each trace. (C) “Phosphorylating currents” as a function of time for
subtracting from the “total ionic current” (traces in panel B) the “passive ionic curre
amplitude, as described in the text. (D) Normalized initial current (full circles) and
calculated as described in the text from traces of panels A and B and additional measu
luciferine–luciferase. The maximal value of the ATP yield in the absence of inhibitor w
the data of the function describing the reversible binding of an inhibitor to an enzym
empty symbols is arbitrary and has been drawn by hand.tion of efrapeptin has been both directly measured with the
luciferase assay and estimated by measuring the phosphorylat-
ing currents integrated over the whole decay time after the flash.
The integral of these protonic currents, a measure of the total
charge translocated across coupled ATP synthases, should in fact
be directly proportional to the ATP synthesis yield.
In practice, the carotenoid electrochromic signals induced by
three actinic flashes, spaced 500 ms apart, were measured in the
presence of phosphorylation substrates either in the absence of
efrapeptin or at increasing inhibitor concentrations, up to the
saturation point. Fig. 7A shows the signals obtained in the
absence of efrapeptin (trace a), in the presence of saturating
efrapeptin concentration (200 nM, trace c) and at an intermediate
one (60 nM, trace b). The signal obtained with saturating
concentration of both efrapeptin and the F0 inhibitor oligomycin
is also shown (trace d ). By comparing traces a and c it is evidentshes (fired 500 ms apart) under phosphorylating condition. (A) Carotenoid signal
M Bchl. (a) Uninhibited chromatophores; (b) 60 nM efrapeptine; (c) 200 nM
d by the arrows. The decay of trace (c) following the 3rd flash was fitted to a
el C. Only few traces are shown for clarity. (B) Traces are from panel A and
sh. Only the time interval up to 300 ms is shown for clarity. The continuous lines
hich were used in the analysis shown in panel C. The numbers are nM efrapeptin
the efrapeptin concentrations shown in panel B. Each trace has been obtained by
nt” (trace 200 nM efrapeptin in panel A) as a function of the carotenoid signal
normalized current integral (empty circles), i.e., the translocated charge, were
rements. Empty triangles: ATP yield after the third flash, directly measured with
as 0.66 nmol ATP/μmol Bchl. The curve through the full circles is the best fit to
e. The best fit value of the binding constant was 1.3 nM. The curve through the
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flashes and after the last flash is faster in the presence of
phosphorylation substrates than when ATP synthesis is
inhibited, as expected if the faster dissipation of membrane
potential under phosphorylating conditions can be attributed to
the protonic currents flowing through working ATP synthase.
The difference in the kinetics is minimal after the first flash of the
train, while it becomes increasingly evident after third flash.
Therefore, we have analyzed the behavior of the electrochromic
signal after the third flash. The lack of coincidence between the
two fully inhibited samples (efrapeptin, traces c, versus
efrapeptin+oligomycin, trace d) has been reported several
times both in chloroplasts [33] and in chromatophores systems
[8,9] and has been attributed to F0 complexes lacking F1 or to
disarranged F1F0 complexes in which the proton flow through F0
is not coupled to the catalytic action in F1. Therefore, trace c has
been considered as measuring the dissipation of theΔψ due to all
ionic currents not flowing through a coupled ATP synthase (in
short the passive currents), and has been taken as the reference
trace for the subsequent calculations. A key assumption in these
calculations has been that, for every given time point, the passive
current to be subtracted from the total current in order to obtain
the phosphorylating current, is the passive current measured at
the same Δψ at which the total current is measured (i.e., at the
same carotenoid signal amplitude). Therefore, in order to obtain
the empirical relationship between passive current and the
carotenoid signal amplitude (i.e., Δψ), the data of trace c have
been fitted with arbitrary analytical functions.
Fig. 7B shows in more detail, and for additional inhibitor
concentrations, the decay of the carotenoid signal after the third
flash. Also shown are the best fitting biexponential functions
used for obtaining the initial phosphorylating currents and the
phosphorylating current integrals. Subsequently, the time
derivative of these functions has been calculated, representing
the “total ionic currents” at any given time. In the case of the fully
inhibited trace, the ionic current, representing in this case the
“passive ionic current”, has been plotted versus the carotenoid
signal amplitude (Δψ) and an arbitrary function has been used to
interpolate the data, in this way building the analytical
relationship between these two parameters. The “phosphorylat-
ing current” for each remaining trace has been obtained as a
function of time by subtracting from the “total ionic current” as a
function of time the “passive ionic current” as a function of the
carotenoid signal amplitude measured at each time. This method
assumes that the “passive ionic current” to be subtracted in order
to obtain the “phosphorylating current” is a single valued
function of the transmembrane Δψ, as the theory predicts, and
not of the time after the flash.
These “phosphorylating currents” as a function of time are
reported in Fig. 7C. In all cases their value becomes negligible
after 300 ms, consistent with the observation that no detectable
ATP synthesis was observed after that time in the luciferase
assay. The fact that all phosphorylating current traces decay to
zero within the same time scale and the coincidence of this
kinetic behavior with the disappearance of ATP synthesis is
consistent with the passive current being uniquely dependent on
the voltage value and unaffected by efrapeptine.The phosphorylating current at t=0 (full circles) and the
phosphorylating current integrals up to 800 ms (empty circles),
which can be considered proportional to the ATP synthesis yield,
are reported in Fig. 7D as a function of efrapeptin, along with the
ATP synthesis yield after the third flash measured with the
luciferase assay (triangles). All values have been normalized to
the maximum value obtained in the absence of inhibitor.
It is evident from Fig. 7D that the inhibitions of ATP yield
and of phosphorylating current integrals as a function of
efrapeptin concentration are fairly coincident, consistent with
the assumption that they are linearly related parameters. Most
noticeably they are both markedly less sensitive to efrapeptin
than the initial phosphorylating currents. This inhibition pattern
is expected if several ATPases are present on an average
chromatophore, and it is therefore consistent with the results of
Table 1 and Fig. 6.
The largely linear decrease of the initial phosphorylating
current (full circles) with the efrapeptin inhibition is consistent
with a very tight binding of this inhibitor to F1. The best fit
function to the data, describing the reversible binding of an
inhibitor to an enzyme (continuous line through the data), gave
in fact a best fit value for the binding constant (KI) of 1.3 nM.
The linear extrapolation of this function (dashed line) crosses
the x-axis at 3.75×10−3 efrapeptin/Bchl, which, assuming a
ratio of 1.0 efrapeptin per ATPase, corresponds to 267 Bchl per
ATPase, in excellent agreement with the Western blot results
reported in Fig. 5B. It should be noted that the relative values of
the initial phosphorylating currents at the higher efrapeptin
concentrations are probably somewhat overestimated, relative
to the values at low concentrations of the inhibitor. As can be
seen in Fig. 7B, in fact, the absolute value of the carotenoid
signal amplitude at time t=0 increased from about 30 mA in the
absence of the inhibitor to about 36 mA in the presence of
saturating inhibitor, equivalent to a 20% increase in the Δψ.
Even though this increase can partly be due to vesicles already
fully inhibited and therefore not contributing to the phosphor-
ylating currents, the higher Δψ implies a higher ATP synthesis
rate of the surviving active ATPases, and therefore a partial
compensation of the efrapeptin inhibition. Assuming a linear
increase of ATP synthesis rate withΔψ, the slope of the titration
would be somewhat steeper, and the x-axis intercept would
become 3.31×10−3 efrapeptin/Bchl, corresponding to 302 Bchl/
ATPase, a value still in the limits of the experimental error of the
Western blot data.
4. Discussion
In the present work, we have examined various parameters
useful for estimating the ATPase distribution density in
chromatophore preparations.
The size distribution analysis of images obtained by negative
staining EM shows an average diameter of 70 nm. A similar
value has been reported in the related bacterium R. sphaeroides
by [34,35]. A significantly smaller diameter has been found by
[31], who however obtained chromatophores by sonication.
Width and shape of the distribution agree with those reported in
[35], showing a substantial size heterogeneity.
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icant level of heterogeneity in the vesicle density as well, ranging
from 26% to 44% (w/w) sucrose (corresponding to densities
varying from 1.108 to 1.197 g cm−3). This density dispersion
can be attributed to a heterogeneous protein/lipid ratio in the
chromatophore population, consistent with the finding of [36].
These authors have shown a fluctuation of the protein/
phospholipid ratio and in parallel of the membrane density
during the growth of synchronized cell cultures of R.
sphaeroides. The range of density values found by these authors
is very similar to that measured in the present work. It is therefore
likely that the density dispersion of our chromatophore
population reflects a different degree of cell differentiation in a
cell population growing under unsynchronized conditions.
The EM analysis of single fractions at different densities
shows that the highest density fraction has higher diameters and
a higher size dispersion. This could be due to events occurring
during French press cell rupture and/or vesicle resealing, or be
indicative of heterogeneous structure of the intracellular
membrane in vivo. The possibility of a heterogeneity of
membrane composition and morphology in vivo is also
supported by the finding that the ATPase/Bchl ratio varies
with vesicle density, being higher in the most dense fractions.
This type of distribution has been demonstrated both by
measuring catalytic activities (in the synthesis and hydrolysis
directions) and by evaluating the actual amount of F1 proteins by
Western blotting.
Our studies indicate an average of 270±50 Bchl/ATPase
obtained by Western blot, a value which is in agreement with
those obtained by inhibitor titration (Fig. 7). A similar value,
also obtained by efrapeptin titration of the carotenoid shift
decay, has been reported in [32] (1 ATPase/260 Bchl). An
approximately two-fold higher content of ATPase on a Bchl
basis had been obtained as an upper limit again by efrapeptin
titration in [37].
The average number of ATP synthase per vesicles, about 10,
in standard chromatophore preparation is the most relevant
parameter obtained in our studies. We have evaluated the
average number of ATP synthases per chromatophore, both in
unfractionated preparations and in two sucrose gradient
fractions, using the procedure described in Section 3.5 and in
the Appendix. This evaluation is forcibly approximated since we
have evaluated the total membrane surface by assuming that
only integral proteins devoid of extrinsic portions contribute to
the densities of the vesicles. However, a correction taking into
account also the extramembraneous domains of membrane
proteins would increase the estimated fractional area of the lipids
and, therefore, decrease the total area thus increasing the average
ATPase number per vesicle. Interestingly, however, from the
density of membrane particles as visualized by freeze–fracture
EM of R. sphaeroides ICM [39] it is possible to calculate, for the
protoplasmic face, a fraction of membrane area occupied by
protein of 0.325, i.e., in the same range as the one estimated by
the above approach. We have used a PL/Bchl ratio equal to 13
[25]; similar values have been reported by others in R.
sphaeroides (PL/Bchl=11 [40]; PL/Bchl=10 [41]). We have
also assumed that the PL/Bchl ratio is constant along thegradient; variations of this ratio are not likely to be large, as
suggested by the changes in density, and are not expected to
affect significantly our conclusions. This ATPase/vesicle
number, combined with a Bchl/ATPase ratio equal to 270±50,
correspond to 2700±500 Bchl/chromatophore, in fair agreement
with the values reported in the literature for chromatophores
prepared by French press or by Ribi cell (4700±1300 Bchl/
chromatophore, average diameter 60 nm [34]). Much smaller
sizes and Bchl per vesicle values have been reported for
chromatophores prepared by sonication (≈1000 Bchl/chro-
matophore, average diameter 36 nm [31]). Since the Reaction
Center/Bchl ratio was on average 1/140, this corresponds to an
average number of photosynthetic units per chromatophore
of 19.
Our data are also not inconsistent with the EM observations
made in [38], where the authors were able to show membrane
surfaces ofR. sphaeroidesR26 chromatophores densely covered
with F1 particles (compare Fig. 4 of [38]); this strain lacks the
LH2 antenna complex and could thus have a higher density of
the remaining membrane complexes. The high density of
ATPases on their images, however, looks even higher than our
computed 6×10−4 ATPases per nm2, which corresponds to an
average distance between complexes of about 40 nm.
The Poisson's distribution of the number of ATP synthases
per vesicle depicted in Fig. 6 takes into account the combined
effects of size polydispersity and of density (i.e. PL/protein
ratios) of the different samples. In all cases the results indicate
that, at least on the basis of this statistical approach, the
probability of occurrence of chromatophores totally devoid of
ATP synthases is negligible. The size, composition and
functional activities of chromatophores depend however on
the membrane organization inside the cell, which in turn
depends on growth condition. Although intracytoplasmatic
membranes (ICM) form the predominant membrane area under
anaerobic and phototropic conditions of growth, peripheral
cytoplasmic membranes also contribute to the vesicle popula-
tion and the actual distribution of ATP synthase in chromato-
phores, i.e., cell-free preparations of ICM fragments, could also
be affected by an uneven in vivo distribution. To our knowledge
no firm evidence of such heterogeneity is available so far in the
literature.
These results indicate the presence of a substantial number
of photosynthetic units and ATP synthases per chromatophore.
This picture differs markedly from the results in [9,32], in
which the authors conclude that the average number of ATPase/
chromatophore is about one, with an associated high probabi-
lity for the occurrence of chromatophores lacking any ATP
synthase. The discrepancy may in part be due to the different
method adopted by these authors for cell disruption (sonication
versus French press), which leads to significantly smaller
vesicle sizes, and to different illumination conditions during
growth.
One additional source of discrepancy may stem from the
fact that the ATPase density in [9,32] was mainly evaluated
with functional tests based on the membrane potential
generated by the first flash. These authors noticed that after
the decay of the ATP phosphorylating currents a slow decaying
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at a higher carotenoid shift amplitude after the second flash.
They argued that the higher carotenoid shift amplitude
observed after the second flash was an indication that it
could not correspond to a thermodynamic threshold, which
should on the contrary remain constant, and interpreted it as a
possible fraction of vesicles devoid of ATPase, an hypothesis
that subsequent experiments of inhibitor titration, again based
on the first flash, were taken to confirm. This very same effect
is visible in our carotenoid shift traces as well, as can be seen
in Fig. 7A by comparing the amplitude at t=1000 ms
(immediately before the second flash, when all phosphorylat-
ing currents elicited by the first flash had vanished) with that at
t=1500 ms (immediately before the third flash, when again all
phosphorylating currents were exhausted).
We interpret this phenomenon in a markedly different way.
The carotenoid shift signal generated by the first flash fired on a
chromatophore suspension has been estimated in several
laboratories to correspond to an average electrical membrane
potential of 70 mV [42,43] or even as low as 47 mV [31]. On the
other hand, the ATP/ADP ratio in an ADP-supplemented, dark-
adapted chromatophore suspension is largely affected by the
equilibrium value of adenylate kinase (Keq=0.8 [44]), always
present as a contaminant in standard chromatophore prepara-
tions, since an ATP hydrolysis activity, at such low ATP
concentration levels and high concentration of inhibitory ADP,
is hardly detectable. Under our experimental conditions (which
include the addition of 0.8 mM AMP to keep ATP lower), it is
possible to calculate an ATP/ADP ratio in the dark, determined
by the adenylate kinase equilibrium, of 0.02. Taking a ΔGp
0′
value of 34 kJ mol−1 [45] and H+/ATP=4 [46,47], this ATP/
ADP ratio results in turn in a thermodynamic threshold proton
motive force of approximately 100 mV. Therefore, observing
ATP synthesis after the first flash and during the ensuing decay is
only possible if an heterogeneous vesicle population is
postulated, in which one vesicle portion has a higher than
100 mV proton motive force, possibly due to a higher than
average photosynthetic units density and/or to a smaller size, and
another vesicle portion has a lower one, thus resulting in the
observed average value of 70 mV. Under this interpretation, a
consistent non-synthesizing fraction is therefore present upon
the first flash in the whole chromatophore population, which
might have plenty of ATPases but is remaining silent because its
proton motive force is below the thermodynamic threshold
required for ATP synthesis. Upon the third flash, aΔA amplitude
of 30 mAbs is reached, which (if the first flash generates 70 mV)
corresponds to about 115 mVacross the membrane. This value is
about 15 mV above the thermodynamic threshold (for H+/
ATP=4), and the fraction of (ATPase-endowed) vesicles which
are functionally silent should be much smaller, although
probably not completely absent, as also evidenced from the
comparison between the carotenoid shift amplitude measured
500 ms after the second flash (14 mAbs) and 500 ms after the
third flash (16 mAbs).
The titration experiment with efrapeptin strongly supports the
presence of several ATP synthases per vesicle. In fact, the
titration of a fraction of ATP synthases by non-saturatingconcentrations of efrapeptin diminishes the coupled proton
current more severely than the total ATP yield, indicating that, in
an average chromatophore, active ATPases are still present and
can exploit the residual high potential protonic pool. It should be
noted that in the post-illumination time, the residual high po-
tential protonic pool is being significantly dissipated also by the
passive permeability of the membrane, and that the relative
proportion of this dissipation is expected to be the more sig-
nificant the higher the degree of ATPase inhibition by
efrapeptine (i.e., the smaller is the intensity of the parallel com-
peting phosphorylating currents). Therefore, it is all the more
remarkable that a significant difference between the total ATP
yield and the coupled protonic current could be observed in the
efrapeptine titration.
On the whole, therefore, the present study indicates that, for
chromatophores obtained by French press, which is the most
common procedure, coupling phenomena must be referred to
vesicles containing on average a significant number of ATP
synthases.
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Appendix A
At the isopicnic equilibrium the density of a vesicle has to be
equal to ρV , the medium's density. Therefore, by considering
proteins and phospholipids as the only constituents of the vesicle
membrane, and their respective density (ρP and ρL) as known
parameters, and by neglecting the contribution of the extrinsic
portions of the intramembrane protein complexes and of inside-
trapped soluble proteins, it is possible to estimate the membrane
fractional area occupied by protein and phospholipid,
respectively.
Under these assumptions, a vesicle density ρV is the weighted
sum of its component densities, ρP and ρL:
qV ¼ qPVP þ qLVL ðA1Þ
where VP and VL are the volume fractions of proteins and lipids,
respectively.
As we have assumed VP+VL=1, Eq. (A1) allow to express,
e.g., VP as a functions of the three density values only:
VP ¼ qV  qLqP  qL
ðA2Þ
Since the membrane thickness (2×3.5=7 nm on average) is
negligible compared to the vesicle diameter, the difference
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neglected, and the volume fractions can be considered good
approximations of the surface fractions:
AP ¼ qV  qLqP  qL
ðA3Þ
and
AL ¼ 1 AP ðA4Þ
with AP and AL being the fraction of membrane surface
occupied by protein and lipid, respectively.
The membrane surface occupied by lipids, SL, can be
calculated on a Bchl basis as the product of the molar ratio of
phospholipid to Bchl (PL/Bchl) by the average area occupied by
one PL molecule (APL) and by the Avogadro number NA, and
divided by 2 to account for the bilayer:
SL ¼ PL=Bchl APL  NA=2 ðA5Þ
The total membrane surface on a Bchl basis, ST, is then easily
obtained as the ratio of the membrane surface occupied by lipid,
SL, and the lipid fraction AL (Eq. (A4)):
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